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(57) Abstract: The electromigration lesistaisce of nitride capped Cu Hnes is significantly improved by oonttolling the nitride depo- 
sition conditions to reduce the compressive stress of the deposited nitride layer (40), thereby reducing difibsion along die Cu-nilride 
inteiface. Embodiments include deposition a silicon nitride capping hiyer (40) on inlaid Cu (13 A) at aiedoced RF power; e.g., about 
400 to abont 500 watts and an increased spacing, e.g.. about 680 to aboot 720 mils, to reduce tbe compressive stress of the depontad 
silicon nitride layer (40) to below about 2 x 10^ Pascals. Embodhncnts also include sequentially and contiguously treating the ex- 
posed planarized surface of in-laid Cu with a soft plasma containi ni^NH^ dlpted wi th Nj, ramping up the introduction of SiH4 and 
then initiating plasma enhanced chemical vapor deposilion of a sihcon ni^S» capping layer (40). while mainiMiring gubstantiaUy 
the same piessute and Nj flow ate dudag plasaia tieatmast. SiH« lamp up and silii»n nitzide dqwsition. Embodiments also inchide 
Cu dual damascene stxuctuea formed in dielectric materia] having a dielectric conslsnt (k) less than aboot 3.9. 
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METHOD OF FORMING NITRIDE CAPfED CO LINES WIIH REDUCE3) 
EUBCTROMIGEATION ALONG THE CD/NmUDS INTERFACE 

5 Hie present invention rdates to copper (Qi) and/or Cu aHoy metallizatum m semioondiietor devices, 

particularly to a method for forming reliably capped Co or Co alloy intciconnccis, sudi as single and dual 
damascene structures foimed in low dielectric constant materials. The present inv«ition is particulaiiy applkaL^j 
to manu&ctiuing hi^ speed integrated cfaciiitB having submicnm design fe^es and high conductivity 
interconnects with inq»oved electromigiatioa lesistanoe. 

10 R^tfgp^fli d Art 

The escalating requirements for high density and performance associated with ultra large scale 
integration semiconductor wiring require responsive changes in interconnection technology. Such escalating 
requtrements have been found di£BcuIt to satisfy in terms of providing a low RxC (resistanoe x capadtanoe) 
interconnect pattern with electromigration resistanoe^ particularly wherein submieron vias» contacts and trenches 
15 have high aq;>ect ratios nx^Kuad by miniatuiiEatfon. 

Conventional semiconductor devices coa^Mise a sentioonductor m il wrtratft. typocally defied 
monoaystalHne silicon, and a phiralily of sequentially formed interlays dielectrics and conductive patterns. An 
integrated cucuit is formed containing a plurality of conductive patterns comprising conductive lines separated by 
inteiwiring spacings, and a plurality of interconnect lines, such as bus Hnes, bit lines, word lines and logic 
interconnect Imes. Typically, die conductive patterns oq diffimt layers, Le., upper and lower layers, are 
electrically connected by a conductive plug filling a via hole, wdiile a conductive plug filling a contact hole 
establishes electrical contact with an acUve legloQ on a semiconductor substrate^ such as a source/drain region. 
Cbnductive Hnes arc formed in trenches v/hidi typfcally extend substantially horizontal with respect to the 
semiconductor substrate. Semiconductor "chips" comprising five or more levels of metallization are becoming 
25 mom prevalent as device geometry^ shrink to subniicron levels. 

A conductive phig fillittg a via hole is typically formed by depositing an interlayer dielectric on a 
conductive layer comprising at least <Hie conductive pattern, fonning an opening through the interlayer dielectric 
by conventional phofc^ithc^gn^ihic and etching techniques^ and filling the opening wifii a conductive material, 
such as tungsten (W). Excess conductive material on the surface of the interlayer dielectric is typically removed 
by chemical n^echanical polishing (CMP). One such method is known as damascene and basically involves 
forming an opening in the interlayer dielectric and filling the opening with a metaL Dual damascene techniques 
involve foimiBg an opening comprising a tower contact or via hole section in communication with an upp& 
trench section, which opening is filled with a conductive material, typically a metal, to simultaneously form a 
conductive pJutg in electrical contact with a conductive line. 

High p^ibimancc microprooessor applications require rapid speed of s^nicondudor circuitry. The 
control ^eed 'Of semiconductor dicuitxy varies inversely with the resistance and capadtanoe of die 
interconnection pattern. As integrated circuits become more complex and feature sizes and spadngs become 
smaller, the integrated circuit speed becomes less dqiendent upon the tmnsistor itself and more dependent upon 
the interconnection pattern. Miniaturizatiott demands Icmg intmonnects having small contacts and small cross- 
sections. As the kmgfik of metal interconnects increases and cross-sect^al areas and distances between 
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itttOGoimeols decrease, IbeRxC delay caittcd by the int^ If dieinteccoiinectionnodeia 

routed aver a considerable distance, e.g., hundceda of miaaiu or more as in submicron techsologies, the 
intetcoonecdaii capacitance timits the circuit node capacitance loading and, hence^ die circuit speed. As design 
rules are reduced to about 0«12 micron and bdow, the rejection rate due to integrated circuit speed debys 
5 significantly reduces production througliput and increases manufacturing costs. Moreover, as line widths 
d eoease electrical conductivitsr and electromigration resistance become increasiQ^y important 

Oi and Ou alloys have received considerable attention as a candidate for replacing Al in interconnect 
metallizations. Cu is relatively inexpensive, ea^ to process^ and has a lover reslstivelytfau 2naddidon,Cu 
has improved electrical properties vis-i-vis W. making Cu a desirable metal for use as a conductive plug as well 
10 as conductive wiring. 

An approach lo forming Cu plugs and wiring comprises the use of damascene structures employing 
CMP. However, due to Qi difiusbn dirough interdielectiic layer materials, such as silicon dioxide^ Qi 
inteiconnect structures must be enciqpsulated by a difiusion barrier layer. Topical di£bision barrier metals indude 
tantalum (T^X tantalum nitride (IW), titanium nitride (TiM), titanium (Tiy, titanium-tungsten (TiW). tungsten 
IS (W), tungsten nitride (WN^ TI*TiN. titanium silicon nitride (HSiN), tungstmi siliain nitride (WSiN), tantalum 
silican nitride (TaSiN) and silicon nitride for encapsulating Cu. Hie use of sudi barrier matetiab to encapsulate 
Cu is not limited to tiie interface betareen CU and die dielectric interlayer, but includes interfaces widi other 
metals as well* 

There are additional problems attendant v^n conventional Cu interconnect methodology employing a 

20 diffosion barrio layer (cappiQg layer). F6r example^ conventional practices comprise forming a damascene 
openfaig in an interlayer dielectric, depositing a barrier layer sudi as TaN, lining the opening and on tiie sur£eK» of 
the interiayer dielectric, filling die opening with Cu or a Cu alloy layer, CMP, and forming a caj^ing layer on the 
exposed surface of the Co or Cu alloy. It was found, however, that capping layers, such as silicon nitride, 
deposited by plasma enhanced chemical vapor deposition (PECVD), exhibit poor adhesion to die or Cu alloy 

25 surface. Consequently, die capping layer is vulnerable to removal* as by peeting due to scratching or stresses 
resulting faxn subsequent deposition of hyers. As a result the Cb or Cu aUoy is not entirdy encapsulated and 
Qi difiusion ooguis» ttiereby adversely affecting device perfiormance and decreasing the electromigration 
resistance of the Cu or Cu aDoy interconnect member. 

In copending application Serial No. 09/497350 filed on Fdiruary 4, 2000 (Client Reference No. E0984; 

30 Firm Docket No. S23S2>646X a metiu)d is disclosed con^rising treating die sur&ce of a Cu or Cu alloy layer 
with a plasma containing nitrogen (N^ and ammnnift (NHs), followed by dq)Ositing the capping layer in the 
presence of N2 in die same reaction chamber for improved adhesion of die cqqpang i&yer to die Cu or Cu alloy 
intefoonnect This technique has been cfibctive in inqnoving adhesion of the capping layer. However, afier 
further experimentation and investigation, it was found that capped Qi or Cu alloy interconnects, as in damascene 

35 and dual damascene structures, exhibited poor electromigration resistance, particular in those cases wherein d^e 
exposed surface of die Cu or Cu alloy was treated vridi a plasma to remove a copper oxide surface film prior to 
deposition of die capping layer, e.g., silicon nitride. Such poor electromigiation resistance adversely impacts 
device rdiabiiitf and results in poor product yield. 

In copending ^plication Serial No. filed on (Client Reference No. G0069; Firm 

40 Docket No. 50432-168) a mediod of plasma treatiiig an upper surface of inlaid Cu or Cu alloy metallization is 
disclosed using a relatively soft NHj plasma treatment heavfly diluted widi Nz, ramping up die introduction of 
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sflane (SiHi) and tfaoD imtiating plasma enhanced chemical vapor d^sition (PECVD) while maintaining the 
same pressuxe during plasma treatmoit, SiH« tzmp up and aOioon nitride capiiing layer deposition, with an 
attendant significant improvem^t in electramigratian resistaacei, wiKMn wafer unifoffldty and wafer-to^wafer 
unifonnity. 

5 As design rules extend deeper into the submkron range, the leliability of interoonnect patfems becomes 

particularly critical. Therefore^ the adhesion of capping layers to Qi mtstconnects and the accuracy of 
• intBiconnects for vertical metallization levels require even greater reliability. In addition, as the design rules 
plun^ deqier into the sub-mkanm regime, electromtgration becomes increasingly problematic. 

For examidfi, hi 0.13 micnm Cu technology, vias typical^ eadiibit a cross-sectional diameter about 0.15 

10 to about 0.1K mkaon. TVlttcal Qi damascene technotogy ta schematk^y ittustrated in Fig. 6 and conqwises a 
lower Cu levels illustrated by lower metal line Ml, a silicon nitride capping layer thereon, an xtppet metal line M2 
with a silicon nitride cqjping layer thereon. Ml and M2 are connected by via VI. The via process ^pically 
involves a via etch throu^ an oxide layer and a nitride layer, stopping on the underlying Cu Ml. An argon (Ar) 
pre-sputter etch is employed prior to banier layer and Cu deposition. 

15 Upon fortiier experimentation and investigation of etoctromigntion foihnes attendant iqton tnlcrooanect 

tedmobgy in the sidMaicron regime^ it was found that the two critical miBrfeces for td^^tM^^^ jn Of f>r Oi 
alloy damascene are fhe Vl-Ml and V1^M2 intcrfeoes. Electromigration testmg of the Vl-Ml mterfece was 
conducted by flowing dectioas from M2 through VI into Ml Ihies, Hlectromlgration testing of the V1-M2 
interface was conducted by flowing electrons in iht opposite direction. In die case of die Vl-Ml interface, 

20 clccln)migration voids are typicafly generated at tiieCoMitrideiat^ bitiiecase 
of die V1-M2 hitBi&ce^ elecliomigration voids are also generated at the Cu-nitride mtei&ce but away from the 
via, as schematically iUnstrated in Pig. 8. 

Observations from such experimentation led to tiie conclusion that tiie electromigration voids are 
generated at tike Cto-nitride interface in both cases. Diffusion can proceed along tiie Cu-nitride interfece, the Cu- 

25 barrier layer interface or by a grain boundary mechanism, fa tiie Cu damascene technobgy illustrated in Figs. 6- 
8, tiie observations indicated tiiat the diffusion along tiie Cu-nitride mteiface is Oic £istest diffusion patii for 
electromigration Mures. 

Accordingly, tfiere exists a oontinumg need for methodology enabUng tiie fiirmation of enc^sulated Cu 
and Cu alby hitercoonects for vertical metallization levels witii greater accuracy, reliability and electromigration 
30 resistance. There exists a particular continuing need for mctiwdolqgy enabling flie formation of capped Cu or Cu 
alloy lines, particularly in damascene structures, eg., dual damascene structures formed in dielectric material 
having a low dielectric constant (k), witii improved rcliabilily and electromigration resistance along tiio 
CWcapping layer interftoes. 

Disclosure of the InvenHon 

3^ ^ advantage of tiie present invention is a mettiod of manu&cturing a semiconductor device having 

highly reliable c^)ped Cu or Cu alloy fateiconneds. 

Anotfier advantage of tiie present invention is a mctiiod of manufacturing a semiconductor device 
comprising a silicon nitride capped Cu or Cu alloy interconnect member witii improved electromigration 
resistance along tiie Cu or Cu alloy/silicon nitride cqipiiig layer interface.. 
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Additional advantages and odiet features of die ptesent invention will be set toA in die description 
which fiilkiws and, in par^ win become ai^Huent to those havmg ordinafy skill in the aft upon BzaminatioB of die 
fioJIowii^orniay be learned firomtiie practice of die piesratm The advantages of die present invention 

may be reafiased and obtained as paiticabiiy pointed out in the suspended claims. 

5 According to &e present invention, die foregoing and other advantages are achieved in part by a method 

of manufacturing a semiconductor device, die metiiod oonqiristng: introducmg a wafer oontaining inlaid copper 
(Cu) or a Cu alloy into a chamber treating an exposed suifMe of die CU or Cu aHoy to remove osdde therefron^ 
dq)ositing a silicon nitride capping layer on die treated Qi or Qi alloy sur&ee by plasma enhanced chemical 
yapot deposition (FBCVD); and oontFQUli^ conditions during FECVD such dud die deposited silioon nitride 

10 capi»ng layer has a compressive stress no greater diao about 2 % 10^ Pascals. 

Embodiments of die present invention oompiise controlling FBCVD deposition conditions, such as the 
RF power at about 400 to about 500 watts and the spacing, between die wafer surface and die shower head 
duou^ which the g^aes are ejected, at about 680 to about 720 mils achieving a deposition rate no greater dian 
about 34A/^ 

15 Bmbodiments of the present invention fiitther inchide a method of manufocturing a semiconductor 

device, die mediod Gompriaing: die sequential st^s: (a) introducmg a waiSer contaming inlaid copper (Qi) or a Oi 
alby into a chamber, (b) treating an exposed snr&ce of die Cu or Cu alloy with a plasma containing ammonia 
(NH3) and nitrogen (N^ in die chamber at a pressure*, (c) introducing silane (SXH4) into the chamber; and (d) 
depositing a silicon idtiide capping layer on the sur&ce of the Ou or Cu alloy layer in the chamber at an RF 

20 power of about 400 to about 500 watts and a spacing of about 680 to about 720 mils, die mediod comprising 
conducting steps (c) and (d) wfaUe substantially maintaining die pressure used in step (b). 

Embodimenti of die present invoition inchide plasma treatiog the exposed sui&oe of inlaid Oi or a Cu 
alloy with a soft plasma comprising NH3 heavily diluted wldi N2, and maintaining the pressure, N2 flow rate and 
NH3 flow rate throughout steps (c) and (d). Bmbodiments of die present invention further include conducting 

25 step (c) in two stages. DuniigdiefLrststage(C]),SiH4isintroduceduntiIaQowrateof about 70 to about 90 sc^ 
is achieved, typically in about 2 to about 5 seconds, followed by stage (03) during which die SiH4 flow rate is 
faicreased to about 130 to about 170 seem typically over a period of about 3 seconds to about 8 seconds. 
Subsequendy, a suitable RF power is qiplied, as about 400 to about 500 watts, to inqilement FBCVD of die 
silicon nitride capping layer, as at a thickness of about 450A to about 550A. 

30 Bmliodiments of the present invention further include single and dual damascene techniques comprising 

forming an opening in an interlayer dielectric on a wafer, depositing an underlying diffusion barrier layer, such as 
and/or TaN, lining die opening and on die mterdidectric layer, depositing a seedlayer. depositing die Oi or a 
Ou aUoy layer on die diffo^n barrier layer fiUmg the opening and ovor die interlayer dielectric, removing any 
portion of die Cu or Cu alloy layer beyond die opening by CMP, leaving an exposed surface oxidized, and 

35 conveying die wafer into die deposition chamber for processing in accordance widi embodiments of the present 
invention by treating die exposed surface of the Cu or Qi alloy layer widi a soft plasma employing a relatively 
low NH3 flow rate and a relatively high K2 flow rate, ramping up die introduction of SiH4 and then depositing a 
silicon nitride capping layer on die treated surface. 

Additional advantages of die present invention will became readily apparent to diose skilled in diis art 

40 from die following detailed descrq>tzon, wherem embodiments of die present invention are described, simply by 
way of Ohistration of die best mode contenqdated for carrying out die present invention. As will be realized^ die 
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picaat investioii is capable of oOier and diOacnt embodimenta. and ito several detaila are capable of 

modificalioiis in vaiiiTO obvious le^^ Accordingly, the 
drawing and descaplion an to be ff^aided as ilhislralive to 

gritf Pwriptwa 9f Prawinw 

F?ga. M scbeniadcally illustrate &c<tuaitial phases of a method in accordance wilh an embodiment of 
the present inventiott. 

5 ilhistxatea a ptDcess flow in aoxjfdance wift 
Figs. 6^ schematically mnstiate a Cu damascene stmcCure with dectromigration voiding. 

Descr^on of Ae fo vt^^ 



The present invention addresses and solves problems attendant upon forming capped Cu or Cu alloy 
intemnnects, as with acting layer of silicon nitride. Mdhodolpgy in soxwdance with embodimwits of the 
piesent invention enables a significant impnivemeat in the adheston of a capping layer such as silicon nitride, to a 
Cu or Qi ancqr inleioonnoct membei. thereby piwontin^ 

In addition, embodimenta of the prcsoit Invention signiBcsntty reduce hiUoek fmrnation, significanay impiove 
15 electromigration resistance at the CWiitnde hitwfece. and significantty improve within wafer and wafer-(o-waf« 
unifonnity. As employed thioughont this application, the symbol Qi is intended to encompass high purity 
elemental copper as well as Qi4i8Sed alloys, such as Cn alloys containing ndsor amounts of tantalum, indium, 
tfa, zinc» maiiganese, titaniunw magn e siimi, chiomiiQn^ titanhmi, gennanlum, simthmi, pktinum. magnesium, 

ftliimfa^itw or Wfyi niiTiifn , 

As design ndes are scaled down into the deep subnucton range, such as about 0.12 micron and under, 
the dectromigration resistance of enc^»ulated Oi interconnect members becomes mcreasmgly sigmlJcant It 
was found that conventional practices in forming a Qi interconnect member in a damascene opening, e.g.. a dual 
damascime opening, result in the fttnnatirai of a thto copper 

CuO and QijP formed during Off. T1ia«hm copper oxide suifeoefflmhyer is porous and britOe in nature The 
presence of such a thin cqiperondesurfiu^fihnundesiiabfy Ae adhesion of a capping hyer, such as 

silicon nitride, to the underlying Ca and/or CualtoyintercoM^ ConsequeDtly, cracks are generated at 

the Qi or Cu alloy/copper oxide interfece, tesultmg m copper diffusion and increased electromigralion as a result 
of such diffusion. The cracks occurring in the Qi or Cu aDoy/copper oxide interface enhance surfeoe diffusion, 
which is more rapid than grain boundary diffusion or lattice diffusion. The sequential and contiguous soft plasma 

treatment and dqwaltionst^diadosedkco^ filed on (Client 

Reference No, 00069; Hrm Docket No. 50432-168), results in a significant imptovemenl in electromigration 
resistance and reduced hillock formation. The present mvention constitutes a further refinement by significantly 
reducing electromigration foilures and voiding at the Cu/Wtride inter&oe. 

The present invention addresses and sohres the electromigration problem of capped Qi lines in Cu 
35 damascene structures, such as those iUustrated in Figs. 6S, wherein voiding occure at the Qi/capping layer 
inleiface. Upon CQndnctiQg further experimentation and hivestigation, it was postulated that such rapid 
electrodiffusion paths at the Cu/kOicon nitride cappmg inteifiioe stemmed at least in part fiom the high 
compressive stres of Oie capping layer which provided a &5t difhudon path. 
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In accaordance with etnbadiments of the jnesent bvention, die electnmugration resistanoe of the CU lines 
is impioved by redodiig the difhaioD path along the Oi/aOicoii jdtride mtei&ce. BmbodimeDts of the present 
invention comprise controlling one or more vaiiables during FECVD of the silicon nitride capping layer, such 
that the silioon nitride layer ia deposited at a reduced oompreasive state. The present invention further includes 
S controlling one or more variables during PBCVD so that the silicon nitride coping layer is deposited at a higher 
density. The reductioa in stress reduces siress'^nhanced diffiiakm along the Co-nitridB intsi&ce and tnqxroves 

Farther investigations revealed that the oompiessive stress of a deposited silicon nitride capping layer is 
atiout 8 xlOP Pascals. Embodiments of the present imrentionconqniseoontmning FECVD conctitio 

10 silicon nitride capping lay er is dqtosited at a reduced comptesOTe stress no greater than abo ut 2 x 10^ Pascals. 

The objectives of the present hivention can be achieved by, for example, reducing the RF powcr^ as to 
about 400 to about 500 watts, e.g., aboot 450 watts^ and/or increasing the spacing between &e eacposed surfiaoe 
and shower head through which the gases ejected to about 680 to about 720 mOs, e.g^ about 700 mils. Such 
deposition conditions were found to advantageously leduce the deposition rate, ss to a rate no greater dum about 

15 34A/Bec, by enabling stronger 8ilicon**mtrogen bonding and increased density, as at a density of about Z67 to 
about 2.77 g/an^ as well as reduced stress. Given the disclosed objectives and guidance of the present 
disclosure^ optimum PECVD conditions can be determined in fte particular situation. For example, suitable 
PECVD conditions were found to inchide a SiHi flow rate of about 130 to about 170 socm* e.g., about 150 seem, 
a NH3 flow rate of al»out 250 to about 310 seem, e.g^ about 280 socna, a N3 flow rate of about 8,000 to about 

20 9,200 accm, e.g., about 8,600 socm, an RF power of about 400 to about 500 watts, e.g., about 450 watts, a spachig 
of about 680 to about 720 mils, e.g., about 700 niils, to achieve a d^sition rate no greater than about 34A/sec. 

Enibodimcnts of the present invention include redudng an oxide fifan on the exposed suttace of mlaid 
Oi prior to depositing the silicon nitride capping layer in accordance widi the inventive method disclosed herein. 
Such pretreatments can include the use of a plaasia containing N2 and NHa> sequential, contiguous plasma 

25 treatment and deposition technique disclosed in oopeiiding appUcation Serial No. filed on 

(Client reCecenoe No. G0069: Km Docket No. 50432^168). 

Eoibodtments of the present hivention hidude aprooeas flow ooeapri^ sequentiid, contiguous phisma 
treatment and deposition steps wlule minimiadng the plasma treatment time and power but ensuring complete 
copper oxide reduction. In accordance vtdtti embodiments of the present invention, the N2 and NH3 fiow rate, as 

30 wen as the pressure, is maintained at an essentially steady state throughout the process flow, including plasma 
treatment and silicon nitride capping layer depositioa Bmbodimenis of the present invention comprise treating 
the sur&ce of the in-laid Cu with a soft NH3 plasma employuig a lelativdy low NH^ flow rate and a relatively 
high Ni flow rate, which NEb snd Nj flow rates. 

In accordance with embodimaits of the present invention, a wafier containing in-laid Cu having an 

35 exposed surface with a copper oxide film believed to be generated by CMP is introduced into a deposition 
chamber* A N2 flow rate of about 8,000 to about 9,200 scon, e,g., 8,600 seem, and an NHs flow rate of about 
210 to about 310 seem, e.g., about 260 seem, is established. A pressure of about 3 to about 5 Totr and. 
temperature of about 300*C to about ^OO'^C are also eataUiahed. A plasma is then mithited, as after about 10 to 
about 15 seconds, typically about 15 seconds, by q)plying an RF power of about 50 watts to about 200 watts, and 

40 the exposed surface of the in-laid Cu is treated with a soft HH^ plasma to reduce die coppei oxide film, Really 
for about 5 to about 40 seconds, e.g., about 5 to abont 25 seconds. 
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The present ioyenlion addiessea and sohrea the ptobtem of nirfa^. gftatamipftfi^ ^r^^ Tffurtiff n of 
inhld Qi m rtalltatf o n after plaaau Heotment* as with an N^rcontatDing plasma, tiienby significanfly 
* inqjroving flie uitagrity of the inlei&ce between the Cn interconiiect and cqpfrfng layer, eg., silicon nitride 
capping layer. Moreover, the present invention significantly reduces the formation of hillodB, flicreby further 
5 Tedttcing electronMgration Mores, and signi^ 1^,^ 
present ihveDtioD finther reduces electionugradon at the CU/sxlicon nitride hitei^Kce by providing melhodology 
enabling a si^piificant reducdon in die con^ressive stress of the as deposited silicxm nitride capping layer. 
Aocordiqgly, (be pieeent mvendon enables a significant bicreaae in device leUabili^, particularly in the 
subnucron regime. 

0 In accordance with cmbodimente of the present invcntiou, SiHi is slowly introduced into the chamber, 

after soft plaana treatment of the Cu surface to remove copper 03dde, while sutistantially mftinriiiTitng the 
pressure, Ni flow rate and NH3 flow rale. The SiHi flow rate is ramped up to a suitable deposition flow rate, as in 
fl / a phirality of sta^ F<» ^iraniple, Sfll4 can be bitroduced duiii^ a first stage unffl a 
about 90 socm is adueved, ^^picalfy over apoiod of about 2 to abou^ 
15 suiiable d^sitzon flow rate of about 130 to about 170 scan, lypicaUy over a period of about 3 to about 8 
seconds. Deposition of the silicon nitride c^ing layer is then initiated by striking a f^hm f' at a reduced RF 
power of about 400 to about 500 watts, e-g., about 450 watts, while mamtaining an increased spacing to a 
distance of about 680 to 720 mils, e.g^ about 700 mils, thereby enabling the deposition of the silicon nitride 
capping layer at a significandy reduced compressive stress of no greater Oan about 2 X 10^ IVpicalNH^ 
20 and N2flow rates for sfliccm nitride dqiosition indude about 250 to about 310 isocm and about 8,000 to about 
9,200 seem, respectively. 

The mechanism undeipinnii^ the significant reduction in electiDmigration abng die Cki/^ilicon nitride , 
capping layer interface is not known with certainty. However, it is believed diat by reducing the oonq>ressive 
stress of die as deposited silicon nitride layer and by improving the silioon-nitrDgen bonding, die difiusion along 
25 die CWsiliam nitride interface is sipiificandy reduced along widi void fonnatiDa and electromigratiDn Mures. 
In addition, it is believed diat inaintainhig sutetantiaUy die same NHs and ^^ 

die process flow, ie., Uuoi^^iout plasma treatment and siUcon nitride capping layer d^xisitiDn, raables utilizing 
steady state conditions whUe minimizing tb» time and powu' at which die unconstrained Qi interconnect is 
exposed to elevated temperatures. In addition, die soft plasma treatment enqploying a high Nj flow rate and low 

30 NHj flow rate avoids sensitizing the dean Cu surface, diereby reducing its reactivity. Moreover, the slow 
introduction of SiH« avoids a sudden assault of die Cu surface widi a violent surge of teactant species, dieieby 
further preventing reactions which adversely impact electromigialion. 

A pn>cess flow of an embodiment in acoirdanoe widi die present invention 
Fig. 5 wherein point 0 represoits die time at which die wafer containing inhdd Ca metallizadon is mtroduced into 

35 a chamber or initiation of step (a), which proceeds until point 1. During step (a), N2 is introduced to a flow rate 
of about 8,000 to about 9,200 seem, e.g., 8,600 seem, and NH3 is introduced to a flow rate of about 210 to about 
310 seem, e.g., about 260 seem. The dqiosition chamber is started and maintained at about 400"*, while die . 
pressure is elevated to a suitable treatment pressure. 

Dwing step (b) between pomCs 1 and 2, die wa&r tempemture leacfaed about 300* to about 400''C die 

40 pressure elevated to about 3 to about 5 Tdit and a plasma initiated, as at an RF power of about 50 to about 200 
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watts. During step (», the exposed Oi sttifece contaming an onde film is treated with a aoft plaama containing 
NIJj for about 5 to about 40 seconds, e.g., dxnit 25 aeamdB^ 

After soft pl Bfww y treslmfint, and wiule maintaining the NHj and flow rates, and while aiaintaining the 
pressure, step (c) is implemented, typically in two stages (ci) and (cj) by ramping up the flow of SiH4 as 
S illustrated by fine 50, During stag^ (cO> ^ lamped up to an mtennodiate fk>w rate of about 70 to about 90 
seem, e.g^ about BO seem, typically over a period of about 2 to about 5 seconds, 6.g.. about 3 seconds, whOe 
pressure and ten^mtve are maintained. Dinai^ stage (c0^ttieSilI« flow rate is increased to about 130 to about 
170soGm,e.g.,d>oiitlS08GGm,4rimUy0fverapeiiodQf 

spacing IS sot at about 680 to about 720 mUa, e.g., about 700 mils. At ^ p(^ step (d) is implemented by 
10 applying an RF power of about 400 to about 500 watts, e.g., about 450 watts, to generate a plasma and deposit a 
silicon nitride capping layer, typically over a period of ribout 10 seconds to about 18 seconds^ e.g., about 14,7 
seconds, ss at a deposition cate no. greater than about 34A/6ec. to a thickness of about 450A to about 55QA. The 
resulting silicon miride capped Qi interconnect exhibits signfficandy enhanced electiomigintion resistance vis-k- 
vis those produced by prior piactices. 
15 Impfoved elediomigtation resistance of ci^ped Cu intmocmnects fbimed in accordance with 

embodiments of the present mvebuon was confirmed by lognormal sigma measurements* Lognormal sigma is a 
measure of spread in electromigiationP^daU (Mure times). Hi^er signma leads to a lower projected £M 
lifetime at use conditions. Ihe product £hf lifetime is calculated by the following eqn: Lifetime = T50% exp(- 
N*sigma) when TS0% is Median time to &fl (MTTF) and N ^ 6 fiir TX>.1% fiulure rate and product factor of 
20 aboutlO^. Ilierefbre, higher values of sigoiB could cause a significant degradation jnp^^ 

the exponential dependence. Tlie inventive process flow disclosed herein not only improves T50% but al^ 
a ti^t dgma, which leads to higher projected DM lifetime. 

Cu intereonnects formed in accordance with embodiments of Oie present invration can be, !>ut are not 
limited to, interconnects formed by dsmasoene tedmobgy. Thus, cmbodimenu of the present invention include 
25 forming an mteriayer dielectric overlying a substrate, fonning an opening, e.g., a damascene opening, in the 
interiayer dieledric^ depositing a diffiirion barrier layer, sucii asTa and/or TaN, and filling the opening wffh Cu. 
Advantag^usly, Che opening in tine interL^o^ dielectric can be filled by initiaUy depoating a seed layer and then 
electroplating or electroiessly plating the Cu. Typical seedlayeis include Cu alloys containing magnesium, 
aluminum, zmc^ zirconium, tin, nickel, palladium, silver or gold in a suitable amount, e.g., about 03 to about 12 
30 at%. CMP is then pcifonned such diat the upper surface of the inlaid Cu is substantiaUy coplanar with the upper 
surfsce of the interiayer dielectric As a result of CMP, a thin film of cc^er oxide is typically foimed. The 
exposed oxidized 8ur£tee of die Cu is then processed in accordance with an emtwdiment of the present invention, 
thereby substantially ^iminating or sjgnificanUy reduciQg snrfiBoe contamination and smfiice reaction and, hence, 
significantly reducing electmmigration Mures. 
35 In accordance with embodiments of the present invention, the damascene opening can also be filled with 

Qi by PVD at a temperature of about SO^'C to about 1S0"C or by CVD at a temperature under about 2O0'C In 
various embodiments of the present invention, conventional substrates and interiayer dielectrics, can be 
empbyed. For example, the substrate can be doped monocrystalline silicon or galHum-arsenide. The interiayer 
dielectric employed in die present mventton can comprise any dielectric material conventionally en^loyed in the 
40 manufacture of semiconductor devices. For example^ dielectric materials such as silicon dioxide, phosphorous- 
doped alicate-giass (FSGX boron-and phosphonis doped silicate glass ^PSO), and silicon dioxide derived fiom 
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tetraeOiyloithoaaicato (TBOS) or sQane by FECVD can be effl^^ed. The openii^ fonnod in dielectdc layers 
QTD effected by coBveotional pbotolilbognipbic ftf-Ht ng tedHUipica* 

Advantqgeously, dieledxic materialB for use as intedayer dieEectiics in aooordaBce with embodimeals of 
OiB present inveotioi] can comprise dielectric materials with lower values of pennitivity and thoae n*^Ho"*p^ 
5 above» in oidct to teduce interconnect capacitance. The esqnession "low-k" materia! has evohred chatacterized 
materials with a dielectric constant less ^ about 3^, eg., about 33 or less. The value of a dielectric constant 
expressed herein Is based iqion the vahie of (1) for a vacuunL 

A wide vatfety of low-Jc materials can be employed in aocoidanoe with embodiments of tiie present 
invention, both oiganic and inoiganic Suitabto otg^nic materials indnde varioas poiyimides and BCB. Other 

10 suitable low-k dielectrics inchide poly(aiylene)ether$» poly(aiyleae)6tfaer azoles^ parylene-N, polyimides, 
polynapthalene-N, polypheoylquinoxalines (PPQ), polyphenyleneoxide, polyethylene and poiypixipylene. Other 
low-k materials suitable for use in embodimenls of the present invention include FO^*^ (HSQ-based), XUC^ 
(HSQ-basedX and porous SILK™, an aromatic hydcocazfoon polymer (each available fiom Dow Chemical Co., 
Afidland, MI^ Goral^, a caibcm-doped silicon oxide (available from NoveUus Systems, San Jose, CA), sflioon- 

IS CBibon-oxygen-hydrogen (^COH) oig^uk dielectrics, BlacUKamond'"^ dielecKrics, Flaie an organic 
polymer, HOSP™, a hybrid stoloxane-oiganic polymer, and Nanoglass''^, a nanoporoos silica (each available 
&om Honeywell Electronic Materials) and halogen-doped (e.g„ fluorine-dopecQ silioon dioxide derived from 
tetraelfayl orthosilicate (TEOS) and fhiorine-doped silicate glass (FSG). 

An embodiment of the present invention is schematically iUustrated in Figs. 1-4, wherein similar 

2(1: reference numetals denote similar elements or features. Advettiog to Fig. 1, damascene openhig 11, such as a 
contact or via hole» is finmed in dielectric layer 10, e.g., a low-k nialeriM^ It shoold be undentood that openiiig 
11 can also be fonned as a dual damascene opeoii^ co mpri sing a contact or via hole section in '^^""^"u nication 
with a trench sectian. A bairier layer 12 is deposited, such as Tb, and/or TaN, and Oa layer 13 is then d^sited. 
Upon electroplating or electroless plating layer 13, a seed layer (not shown) is deposited on barrier layer 12. 

25 Adverting to Fig. 2, die poftions of the Cu alloy layer 13 extending beyond opening 11 are lemoved, as 

by CMP. As a result, a tfab fifan of coi^ oxide 20 is fbnned on the exposed sufface of the Cu interoonnect 
member 13A Hie wafer containing the Cu metallization is then introduced into deposition diamber and 
processed in accordance widi einbodimentB of tlie present invention. 

Adverting to Fig. 3, in accordance witfi embodimoits of the present invention, the exposed surface of the 

30 Cu interoonnect member 13A having a diin copper oxide fihn 20 thereon is treated with a soft plasma at a 
relativdy low NHj flow rate and a relatively hi^ N2 flow rate to remove or substantially reduce the thin copper 
oxide fifan 20 leaving a dean, sensitixed and highly reactive Ca suijGace 30. At this point, while maintaining the 
pressure and NHj and flow rates, step (c) is initialed by ramping up the flow rate of SiH* in stipes (Ci) and 

35 As shown in Fig. 4, subsequent to step (c), a plasma is generated at an RP power of about 450 watts 

while maintaining a pacing of about 700 mils, and silioon nitride capping layer 40 is deposited on the deaned 
exposed surface 30 of Qi interconnect 13A having a reduced compreffiive stress of no greater than about 2 x 10^ 
Pascals and a density of about 2.67 to about 2.77 g/cm\ Another interlayer dielectric 41 is then deposited, such 
as a low-k material, hi this way, a plurality of intedayer dielectrics and metallization patterns are built up on a 

40 semiconductor substrata and various interconnects, are formed. 
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AdvatttagBOudy, the inveativB mfithodology enables a icductian eleclnimigiation £uliires stemming 
fiom difi^usiffli along the Cu/tilicon nitride tnteiboe by pravidbg methodology enabling the deposition of a 
silicon nitdde layer having a significant^ fedooed compiessive stress and increased density. In additioii, in 
accordaoce with embodfanents of the present invention, the amount of time and power during which the 

5 unconstrained in-laid Cu is exposed, thereby sigmficanUy reducing hillock formation and, hence, 
dectiomigration bihires. Moreover, the interface between the Cu mteioouiect and siiicQQ ni^ 
is substantially free of contamination and reaction products which would otherwise adversely affect adhesion 
tfaefebetween» and adveisely impact dectramigiatiaQ resistance, tfiflteby improving die accuracy and reliability of 
intmmnects for subsequent metaUizadoD levels and reducmg etectrom^gnitiatn Mures. 

10 The inesent invention enables die formation of extremely reliable capped Oi and/or Ou alloy 

interconnect members by significantly reducing electiomigration Mures stemming £rom diSusion along the 
Q]/silicoa nitride interfiaoe. La addition, the inventive methodology significantly reduces sm&oe-contamination 
and reaction pcoducts at die mtecfiice between a plasma treated copper smfooe and silicon nitride cappmg layer 
deposited thereon, dierdsy enhancing the adhesion of die capping layer and reducing electromigration Mures, hk 

IS addition, the piesent inveadon enables a « epi^fi«ttii reductium in hiUock formadon and, hence, a signi&ant 
hkctease in electromigration resistance. Consequenfly* die present invention advantageously reduces capping 
layer peeling, reduces copper diffusion, enhances ekctronugration resistance^ improves device reliability, 
improves widiin wafer and wa£er-to-wafor uniformity, increases production throu^put and reduces 
manufacturing costs. 

20 The resent mvention enjoys industrial appUcabiU^ hi die formation of various types of uslaid Cu 

mfttaiiiiMtffiii interoonnectiQn patterns. Hie present invention is partfoilaiiy qiplicable to manu&ctuiing 

semiconductor devices having submiGnm features and high aspect ratio openings. 

In the previous description, numerous specific details are set forth, such as qiedfic materials, structures, 

chemicals, processes, etc., to provide a better understanding of the present inventicm. However, the present 
25 mvention can be practiced without resordng to die details spedficaQy In odier mstanoes, well known 

processmg and materials have not been described in detail m order not to unneoeaaaiily obscure the present 

inventiott. 

Only the prefened embodiment of the present inventbn and but a few examples of its versatility are 
shown and described In die present invention. It is to be understood that die present invention is capable of use m 
30 various other combinations and environments and is capable of changes or modificatioiis vrithin the scope of the 
inventive concept as expressed herein. 
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1* Aoiethodof inaiiiifiactaimgafietiiioond^ 
iiOrodocaiig a wafer containing in^ 

treating an exposed surface of the CU or Qi alloy to jremove oxxde there&om; 
S depositing a silicon nitride capping layer (40) on the treated Qi or Cu alloy sufface (30) by piMma 

enhanced chemical v^r deposition (PECVD); and 

oontroDiiig oonditians dnriiig PBCVD such that Qie dcpodled sQicoq nitride capping lay» (40) has a 
compressive atresa no gieater than about 2 X lO'^Pascala. 

^0 2. The method according to daim 1, comprising controlling conditioDS duiing FCCVD, such that 

the deposited silioon nitride layer (40) has a doisity of about Z67 to about 2.77 g/cml 

3. The method according to daim 1^ conqmsing treating the exposed Ga or Cu alkiy aurfaoe with 
aplasma containing NHa andN2tD remove Oie oxide Ifaer^om, and depositing the silioon nitride layer at an RF 

IS power of about 400 to about 500 watt8» a spadng of about 680 to about 720 mila and a deposi 
than about 34A/S6C 

4. The method aixxuding to daim 3» comprising depositing the silicon nitride layer (40) at 
a ailane (SzHy) flow rate of about 130 to about 170 

20 an ammraia(NIl3) flow rate of about 250 to about 31080cm; and 

a nitrogen (Nj) flow rate of about 8,000 to about 9,000 socm 

5. The method according to daim 1, wherein 

the wafer contains a dual damascene structure comprising a Oi or Qi alloy line in contact with an 
25 nndedyingOu4»Cu alloy via formed hi a dielectric layer; and 

the dielectric layer oompdses a materia! having a dielectric constant less than about 3.9. 



6. The method according to daim 8, comprising the sequential stqis: 
(a) introducing the wafer into a chamber, 

30 (b) treating the exposed surfoce of die Cki or Cu alloy with a plasma containing NH) and N2 in 

the chamber at a pressure; 

(c) introducing SiHi into the chamber, and 

(d) depositing the silioon nitride capping layer (40) on the sui^ of the Cu or Cu alloy (30) in 
the chamber, the method comprisiiig conducting steps (c) and (d) wliile substantially maintaining the pressure 

35 used m step (b). 

7. The method according to daim 10, wherem: 
step (a) fur&er ooxr^rises: 

generating a N2 flow rate of about 8,000 to about 9,000 seem; 
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generating an NHj flow nfe of about 210 to about 310 socm; 
elevating the tenperatofe tD about aoO^C; and 
elevating the pressine tD about 3 to about 5 Ton; and 
step (b) comprises treating Oie siufaoe of ti&e Cu or Cu aUoy with tiie plasma containing NHj at 
5 an RF power of about 50 to about 200 watts and a ten^entutc of about 300''C to about and 
step (c) comprises the sequential stages: 

(cO introdudbig SiHi at a flow rate of about 70 to about 90 accni; and 
(c^ incnasbig the flow rate of silane to about 130 to abom 170 scm before ini 
deposition of the silican nitride capping layer (40). 

10 8. A method of manufactuiing a semioonduclor device, the method comprise 

sequential st^s: 

(a) bitfodudng a wafer oontahiing a copper (Gu) or Ca alloy intexconnect into a deposition 
chamber, hitrodudng nitrogen (Nj) at a flow rate of about 8^00 to about 9.200 socm* introducing ammonia 
(NH)) at a flow rate of about 210 to about 310 scan, elevating the temperature and elevating the pressure; 
15 (b) generating a plaana at a RF power of about 50 to about 200 watts, pressure of about 3 to 

about 5 Torr and temperature of about 300^C to about AOOTC, and treating an exposed surface of the Oi or Cu 
alloy interconnect with a plasma contammg NH3 and Nj^ 

(c) gradually introducing silane ^iHO bito die deposition diamber, while mamtaining the 
ptessure at about 3 to about 5 Torr, m the foUowmg sequential stages : 
20 (ci) introducing (SiH4) at a flow rate of about 70 to about 90 soon; and 

(C3) incjeasmg the flow rate of SiH4 to about 130 to about 170 seem; and 
(f) generating.a plasma at an RF power of about 400 to about 500 watts and depositing a layer 
of aiUcon nitride (40) on the Gu or Gu aUoy surface (30) in the depositim 

about 720 msb while maihtahdng the pressure at about 3 to about 5 Torr, wheiem ike deposited sih'oon nitride 
25 layer has a conqnessbre stress no greater than about 2 X 10^ Pascals and a density o 
g/cml 

9. The metftod aocowtii^ to daan 8, comprising condnctipg sbq» (c) and (d) while main t ainin g 
the Ni flow rate at about 8,000 to about 9 ,200 socm and while maintahiing the NH3 flow rate at about 250 to 
about 310 seem, and silicon nitride layer (40) at a deposition rate of no greater than about 34 A sec 

30 10. The method acooidhig to claun 9, wherein the wafer comprises a dual damascen 

comprising a Cu or Oi alloy line in contact with an underlying Oi or Cu alloy via formed in a dielectric lay^, 
comprising a dielectric nkatedal having a dielectric constant less than about 3.9. 
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